Abstract. For the purposes of making many informed conservation decisions, the main goal for data collection is to assess population status and allow prediction of the consequences of candidate management actions. Reducing the bias and variance of estimates of population parameters reduces uncertainty in population status and projections, thereby reducing the overall uncertainty under which a population manager must make a decision. In capturerecapture studies, imperfect detection of individuals, unobservable life-history states, local movement outside study areas, and tag loss can cause bias or precision problems with estimates of population parameters. Furthermore, excessive disturbance to individuals during capture-recapture sampling may be of concern because disturbance may have demographic consequences. We address these problems using as an example a monitoring program for Black-footed Albatross (Phoebastria nigripes) and Laysan Albatross (Phoebastria immutabilis) nesting populations in the northwestern Hawaiian Islands. To mitigate these estimation problems, we describe a synergistic combination of sampling design and modeling approaches. Solutions include multiple capture periods per season and multistate, robust design statistical models, dead recoveries and incidental observations, telemetry and data loggers, buffer areas around study plots to neutralize the effect of local movements outside study plots, and double banding and statistical models that account for band loss. We also present a variation on the robust capture-recapture design and a corresponding statistical model that minimizes disturbance to individuals. For the albatross case study, this less invasive robust design was more time efficient and, when used in combination with a traditional robust design, reduced the standard error of detection probability by 14% with only two hours of additional effort in the field. These field techniques and associated modeling approaches are applicable to studies of most taxa being marked and in some cases have individually been applied to studies of birds, fish, herpetofauna, and mammals.
INTRODUCTION
Estimation of population size and how it changes over time as a function of vital rates is important to population biology as well as to monitoring programs that support conservation decisions. With respect to informed decision processes (e.g., Kendall 2001 , Williams et al. 2002 , estimates of such parameters are used to determine system state (e.g., population size) or to develop models that predict the effect of candidate management actions (e.g., harvest regulations or restrictions on fishing gear) on system state. Unbiased estimation of population size (often) and vital rates (mostly) requires following individual animals through time and space. Traditionally this has entailed capturing and applying individual marks (e.g., ear tags, neck collars, leg bands, PIT [passive integrated transponder] tags) or identifying unique natural marks (e.g., patterns of scars, spots, stripes, genetic code). Because in most cases an investigator cannot track every marked individual reliably (i.e., marked individuals are detected with probability ,1.0), statistical methods have been developed over the last 60 years to estimate demographic parameters from encounter histories while accounting for detection probability (Williams et al. 2002) .
Effective execution of and inference from capturemark-recapture (CMR) studies requires a synergistic combination of two processes: sampling design and field 6 E-mail: wkendall@usgs.gov methods, and an underlying statistical estimation model. Sampling designs and field methods need to be developed and implemented that conform as closely as possible to the assumptions of estimation models. If appropriate, simple statistical models with restrictive assumptions (e.g., equal capture probabilities across time or groups of animals) will provide better precision, and often the sampling design will be simpler. In some cases more complex statistical models are developed, because simpler assumptions are not sufficiently achievable or because variability among individuals is of ecological interest (e.g., sex-dependent survival probabilities). We believe that, although all of these facets (design, field application, and modeling) are important, more attention has been paid in the literature to discussion of statistical modeling than to adapting design in the field (Pollock et al. 1990 , Lebreton et al. 1992 , Williams et al. 2002 . We present typical challenges to conforming to model assumptions in the field during a demographic study using marked animals, and discuss study design and modeling solutions. Design solutions vary from collecting additional types of data to altering the expenditure of sampling effort over time or space. We also present a new variation on Pollock's robust design (Pollock 1982 , Kendall et al. 1997 . We use an albatross (Diomedeidae) monitoring program at two sites in the north Pacific Ocean to illustrate our points. This example is directly applicable to animals such as birds and sea turtles that breed in large colonies. However, we address issues of study and model design that are generally applicable to studies of marked animals.
We first describe the albatross populations being studied and monitoring objectives. We compare the historical design of the monitoring program for these populations with refinements implemented to estimate demographic parameters using modern statistical methods. These refinements include the use of multiple sampling periods within a season, dead recoveries and incidental observations, double marking, buffer areas around study plots, and supplementing traditional marks with data loggers or telemetry. This case study illustrates each element of the synergistic approach necessary to achieve robust inference from studies of marked animals in the field: adaptation of field methods to conform to assumptions of statistical models, and where this becomes limiting, customization of statistical methods to accommodate the novel aspects of a given field study.
EXAMPLE: BREEDING ALBATROSSES IN THE NORTHWESTERN HAWAIIAN ISLANDS

Population descriptions and conservation concerns
Black-footed Albatross (Phoebastria nigripes, BFAL) and Laysan Albatross (Phoebastria immutabilis, LAAL) breed in the north Pacific, predominantly in the northwestern Hawaiian Islands. These species are under threat from several sources, including contaminants, plastics ingestion, disease, and especially fisheries bycatch (Arata et al., unpublished manuscript) . It is estimated that 5000-14 000 BFAL (Lewison and Crowder 2003; Arata et al., unpublished manuscript) ), and one smaller islet. In the last 10 years on Midway Atoll the number of active BFAL nests has ranged between 18 000 and 25 000, and the number of LAAL nests has ranged between 285 000 and 488 000. Adults of both species have been banded at Midway intermittently since the 1930s (Doherty et al. 2006) . The purposes of these banding efforts have included the study of reproductive success, site fidelity, and gathering descriptive life history information. Due to the size of the colony, banding effort has been mostly limited to defined plots to make practical the tracking of marked individuals.
On Tern Island (10.24 ha) in the last 10 years the numbers of active nests have ranged between 1300 and 1800 for BFAL and 1200 and 2000 for LAAL. Chicks are large enough to hold a standard USGS metal leg band (USGS Bird Banding Laboratory, Laurel, Maryland, USA), as well as a field-readable plastic leg band, shortly before they fledge. Since 1979 most or all chicks produced on Tern Island have been banded. After fledging, they remain at sea for ;5 years and do not tend to breed until a mean of 7-9 years of age. Although adult albatross in the southern hemisphere skip breeding more frequently than northern hemisphere species, BFAL and LAAL are known to skip breeding in some years (Rice and Kenyon 1962 , Robbins 1966 , Fisher 1976 . In those years they are mostly at sea and unavailable for capture.
In 1991, a recapture program was started on a single study plot on Tern Island, and unmarked nesters on that plot were also banded (Viggiano 2001) . Beginning in 1998, captures and recaptures of adults have been conducted across the entire island. These captures consisted mostly of birds on active nests, but also included some ''walkers,'' which are an unknown mixture of pre-breeders, breeders skipping nesting that year, recently failed breeders, and mates returning to the nest.
Past banding-study designs on Tern Island and Midway are typical of seabird studies (but see Converse et al. 2009) , and many other capture-recapture projects. Investigators moved through the entire colony (Tern) or defined plots (Midway) examining birds on nests. Birds without a leg band were captured and a leg band was applied. Band numbers of banded birds were read, which might require physical capture. In either case a temporary mark was applied to the forehead, using nail polish or a felt-tipped marker. The temporary mark permitted investigators to avoid multiple within-season captures of individuals, freeing personnel to increase the total number of individuals captured in a season.
Monitoring (study) objectives
Monitoring objectives are most logically derived from management objectives and the set of alternative conservation actions available to decision makers (e.g., see Kendall 2001 , Williams et al. 2002 , Nichols and Williams 2006 . In an action plan for the Laysan and Black-footed Albatrosses (USFWS, unpublished manuscript), management objectives are expressed in terms of minimum population goals and minimum survival probability for adults. In this case, both nest counts and survival estimates directly inform management decisions. However, even if survival were not specifically mentioned, estimates of survival and breeding probability can increase understanding of causes of variation in population size. Therefore, monitoring of demographic parameters such as survival probability, age at first breeding, and probability a breeder nests in a given year (i.e., does not skip a year of breeding), has become a monitoring objective of the USFWS. More directly, how these parameters are affected by environmental and anthropogenic factors is of interest, because this information can inform management decisions.
Given these monitoring objectives, we now discuss how best to achieve them with a banding program. As with any study, the life history of the animal and the possibilities and limitations of statistical models have to be considered in concert. Throughout our discussion we will focus on the common situation where only nesting adults and pre-fledgling chicks are reliably captured (besides colonial nesting birds, an analogous situation has also been common for sea turtles and some marine mammals such as pinnipeds). Walkers are more difficult to capture with regularity. Deaths of banded birds are also sometimes reported, either by observers or fishermen on fishing vessels or by others who find a carcass.
Achievement of monitoring objectives for demographic parameters entails at least two potential complications for Tern Island and Midway: unobservable life-history states and band loss, and an additional complication for Midway: between-year movement within the colony. In the following sections we will describe these complications and propose design and modeling solutions to mitigate these problems: multistate models, multiple sampling periods per year (robust design), telemetry, buffer areas around plots on Midway, and double banding. In a separate section we develop a design variation and new statistical methodology to address another potential complication for nesting bird studies: disturbance caused by capture.
UNOBSERVABLE STATES
Problems
In capture-recapture studies, captured individuals are marked and then tracked through time. Unless capture of those marked animals that survive to the next sampling period is assured, the probability the animal will be missed must be modeled along with other parameters of interest (e.g., survival). The most basic assumptions include that any surviving individual will be available for capture in the next sampling period (Williams et al. 2002) . For our albatross example this implies that an individual would have to return to the breeding colony and be on a nest. This is not true for albatrosses. For a bird released in year t as a fledgling, there is virtually 0 probability that it will be a nester in year t þ 1 (this is generally referred to as ''temporary emigration'' in the capture-recapture literature). For a bird captured as a nester in year t, there is some probability it will skip nesting in year t þ 1. The same is true for other taxa such as sea turtles (Kendall and Bjorkland 2001 , Dutton et al. 2005 , Rivalan et al. 2005b , salamanders (Bailey et al. 2004 , Church et al. 2007 , and marine mammals Stobo 2000, Fujiwara and Caswell 2002) . In each case, an unobservable state is created (Lebreton et al. 1999 , Fujiwara and Caswell 2002 , Kendall and Nichols 2002 , Kendall 2004 , Schaub et al. 2004 . That is, for birds in a pre-breeder or skipped breeder state, detection probability is essentially 0. Therefore, many capture studies such as the albatross case are best conceptualized using a multistate capturerecapture model (Arnason 1972 , see reviews by Pradel 2002, Kendall 2004) . Fig. 1 recognize the number of states can grow (e.g., breeders are partitioned based on breeding success). Capture probability is modeled to be .0 only for the nester state. Kendall (2004) reviewed recent literature demonstrating problems induced by unobservable states on estimates of demographic parameters, and partial solutions, focusing on cases where there is one observable and one unobservable state (from Fig. 1 either pre-breeder and nester states or nester and skipped nester states). Permanent emigration from a study area is confounded with mortality. Temporary emigration that is not completely random (e.g., Markovian, where the probability of being in an unobservable state at time t þ 1 depends on where the individual is at time t) can also induce bias in estimators for survival and breeding probability. Considering Fig. 1 in the context of albatross studies, the unobservable prebreeder state is entered by all banded fledglings. We believe that the probability of leaving that state to become a nester, given that an individual survives, is largely a function of age.
For some species, the probability that an individual skips breeding in year t þ 1 depends partially on its reproductive success in year t. Early studies on Laysan Albatross show a similar pattern (Fisher 1976 ), but overall little is known about the extent to which Laysan (LAAL) and Black-footed Albatross (BFAL) skip breeding or the degree to which it is caused by breeding investment vs. environmental conditions. We are interested in collecting data that can answer this question. In summary, unobservable states can cause practical bias or precision problems in estimates of demographic parameters, which in turn would bias population projections for making management decisions. We will now discuss partial solutions, beginning with more detail on the specification of multistate models.
Solutions
Multistate model.-Our first step to addressing unobservable states was to acknowledge the existence of these unobservable states, using a multistate capturerecapture model (Fig. 1) . We present an example capture history and probability description under the ArnasonSchwarz (Brownie et al. 1993 , Schwarz et al. 1993 model, for a five-year study. For simplicity of presentation, we assume all states were subject to capture and permit (with some positive probability) a bird to nest in its second year of life:
conditional on first capture as a chick in year 1, where state definitions are C ¼ chick, P ¼ pre-breeder, N ¼ nester, and K ¼ skipped breeder, and where S r t is the probability an individual in state r in year t survives to year t þ 1 and remains faithful to the population; w rd t is the probability an individual in state r in year t that survives to year t þ 1 transitions to state d; and p d t is the probability an individual in state d in year t is detected by sampling. If the pre-breeder and skipped nester states are unobservable (i.e., p d t ¼ 0), then the capture history would change to C0N0N, with probability description
The two terms in the first bracket describe the probability a chick becomes a pre-breeder in year 2 (and therefore p P t ¼ 0) and the probability the bird becomes a nester that is not captured in year 2, respectively. We present this as an example, acknowledging that, for our albatross example, a one-year-old individual will not nest. The two terms between the second set of brackets describe the probability that a nester will survive, skip nesting, then nest the following year, and the probability that it will remain a nester the entire three years, respectively.
Under this model, if all states were observable, all parameters would be estimable up to the last year of the study. This full model has not been evaluated for estimability when the pre-breeder and skipped breeder states are unobservable. However, considering models with only an unobservable pre-breeder state and an observable breeder state, Clobert et al. (1994) and Lebreton et al. (2003) found that estimators were unbiased when probability of transition from prebreeder to nester is modeled as a function of the age of the bird, and if that probability reaches an asymptote by some defined age and survival probability is not agedependent for ages !1. Fujiwara and Caswell (2002) found no evidence of bias under this state structure if survival probabilities are time constant and (1) also age constant or (2) capture probability is known and survival probability is distinct for breeders or young of the year. Considering models with only an observable breeding state and an unobservable skipped breeding state, under the sampling design of one capture occasion per year, estimates of both survival and transition probabilities can be biased unless some combination of survival, transition, or capture probabilities are assumed constant across years, or parameters are shared across groups such as sexes (Fujiwara and Caswell 2002 , Kendall and Nichols 2002 , Schaub et al. 2004 ). In addition, even where no bias results, unobservable states tend to reduce precision in some estimators, especially of state-transition probabilities. Partial determinism in transitions (e.g., successful breeders become obligate skippers for !1 year) also enhances estimability. This applies to some species, such as Wandering Albatross (Diomedea exulans), hawksbill sea turtles (Eretmochelys imbricata), and right whales (Eubalaena sp.), but is not believed to apply to BFAL or LAAL. Hunter and Caswell (2008) found that as the number of states grows and transitions between states become more complex (e.g., successful and unsuccessful nesters and an unobservable skipped nester state for each), this increased complexity can alleviate confounding problems in many cases, at least theoretically. However, Bailey et al. (unpublished manuscript) found that even for some of these cases, bias or precision problems can still occur in practicality. To better resolve estimation problems due to unobservable states, we will discuss three alternatives that are not mutually exclusive: variations on Pollock's robust design (Pollock 1982) , telemetry, and universal dead recoveries or incidental observations.
Robust design: multiple sampling periods per season.-The robust capture-recapture design (Pollock 1982 , Kendall et al. 1995 ) is defined by each primary sampling period t (e.g., a breeding season) consisting of l t . 1 secondary sampling periods (i.e., one circuit of the study area, recording tag numbers and tagging unmarked individuals). Each individual in the observable state is assumed subject to detection in one or more secondary sampling occasions, depending on the version of the robust design, given that it is alive, and the state of each animal must remain static for the duration of the primary sampling period. A key feature of this design is the ability to estimate capture probability based only on the data from a given primary period (e.g., via the Lincoln-Petersen method as described below). This ability increases the precision of estimators and resolves much of the confounding between parameters caused by the unobservable skipped breeder state for the two-state case, permitting all parameters to be modeled as time dependent Nichols 2002, Kendall 2004) . For more than two states it is not clear in what cases the robust design removes confounding of parameters, but Bailey et al. (unpublished manuscript) found that using this design increased precision and reduced small-sample bias in many cases.
In our example, we consider l ¼ 2 secondary sampling periods. The first sample would be collected over a period of four weeks, during the egg laying and incubation periods. Each time investigators search for birds to band, they ignore birds previously captured during that period. Previously captured birds are identified by a temporary mark applied to their forehead (e.g., nail polish or a felt-tipped marker). Albatross pairs alternate roles of incubation and foraging, so multiple weeks are necessary to have access to all nesting individuals in the colony (Tern Island) or plots (Midway). However, if the duration of the first sampling period is too long, there is a risk of nest failure and departure from the colony. Although departures between the first and second sampling periods would not necessarily cause bias (Kendall 1999) , departure during a sampling period would induce some bias in detection probability, and hence in survival or breeding probabilities.
In a traditional robust design, the second sampling period within a season consists of moving through the colony (Tern Island) or plots (Midway), randomly choosing occupied nests. Birds that had been captured in secondary period 1 are not ignored. When the bird is approached, the investigator searches for a band. If the bird is marked, the band number is recorded; if unmarked, the bird is banded. From these data from primary period t, the probability that an individual nester (state N) is detected in at least one of the two sampling periods can be estimated asp ÃN
, where p N tj is the probability a nester in primary period t is detected in secondary sample j. A robust design model then consists of including this within-period modeling in the likelihood to estimate p ÃN t , and then replacing the p N t in expression (2) with p ÃN t . The Lincoln-Petersen estimator for population size (see Williams et al. 2002) illustrates how the components of p ÃN t can be estimated. If n t1 , n t2 is the number of individuals detected in secondary samples 1 and 2, respectively, in year t, and m t2 is the number of individuals detected in sample 2 that were also detected in sample 1, thenp
In other words, we assume the proportion of the sample that was previously detected in sample 1 (m t2 /n t2 ) should approximate the proportion of the nesting population (Tern Island) or the nesters in plots (Midway) that was detected in sample 1 (p N t1 ). Similarly,p N t2 ¼ m t2 /n t1, the proportion of the previously detected individuals that are detected again should approximate the proportion of the population that is detected in the second sample. We devote a separate section to a less invasive robust design, where individuals only have to be captured once. In that section we will use the development ofp N t1 again. With transitions between observable and unobservable states, even with either robust design option, with some exceptions Nichols 2002, Hunter and Caswell 2008; Bailey et al. unpublished manuscript) one must constrain survival probability for those in unobservable states to have a known relationship to survival of those in observable states (e.g., here skipped nesters must survive with the same probability as nesters). This is a restrictive assumption ecologically, especially if a cost of reproduction in terms of survival is suspected. Telemetry, discussed in the next section, can be used to avoid this assumption.
Telemetry.-If unobservable states could be made observable for at least a substantial subset of marked individuals in a study, this direct information could be used to mitigate bias in survival or transition probabilities due to unobservable states. Furthermore, if survival of those individuals could be directly tracked even when away from the main study area(s), constraints equating survival for unobservable states with survival when in the main study area(s) could be removed. Satellite telemetry and data loggers, which track individuals globally (e.g., Croxall et al. 2005 , Finkelstein et al. 2006 , could fill this role. If a device applied to an individual during breeding season t has a large probability of remaining functional at least well into the next breeding season, the device can provide direct information on whether that individual skips breeding in year t þ 1. Powell et al. (2000) took an approach very similar to this in a study of Wood Thrush (Hylocichla mustelina), using radiotelemetry.
Currently, satellite-telemetry devices cannot be relied upon to remain active for .12 months, so the use of data loggers (e.g., Shaffer et al. 2004 ) is a more practical alternative for tracking the location of individuals over multiple years. These devices store location information throughout the bird's travels, but the device must be retrieved to extract the data. Because albatross tend to be faithful to a nest location, the device is easily retrieved from those that return. However, because they must survive to return, data loggers do not provide information on survival. We recommend that these devices be used to provide direct information on breeding probability based on location, to supplement data from conventional banding. They could be treated as a separate group in a joint analysis with recapture data, censoring them at the time at which they no longer provide location data, conditioning on survival up to that point, and if there are no data gaps, setting p ÃN
Estimating survival rates from conventional radiotelemetry has a .20-year history (see White and Garrott 1990, Williams et al. 2002) . Especially for animals with a limited home range or whose location can be predicted and reached, the fate of individuals whose radio stops moving can be determined. For satellite devices to yield this kind of information, some kind of mortality sensor or other indicator is required.
Dead recoveries and incidental observations.-When sufficient numbers of marked animals are recovered upon death (i.e., their mark is reported to the investigator), this information is sufficient to estimate survival (Brownie et al. 1985) . Recoveries can also be combined with recaptures/resightings of marked individuals to increase precision of survival, or to separate mortality from permanent emigration (if recoveries are spatially universal, i.e., even those that have emigrated can be recovered; Burnham 1993). Barker et al. (2005) and Kendall et al. (2006) extended this idea to more than two capture states, and Lindberg et al. (2001) combined recoveries with the robust design to estimate permanent and temporary emigration. Furthermore, Barker (1997) showed that where all marked animals that are alive could be ''incidentally sighted'' between formal capture periods (i.e., like a universal recovery but the animal does not die), then Markovian transitions to/from an unobservable state could be estimated, if transition probabilities are time-constant.
Recoveries of dead albatross from Midway and Tern Island are reported to the USGS Bird Banding Laboratory in moderate numbers. Many come from fishing vessels and from carcasses washing up on the west coast of the United States. With increased observer presence in fishing fleets, this number could increase substantially. Similarly, incidental observations of marked albatross are rare. However, anecdotal evidence indicates advances in digital photography could make reading field-readable marks from birds in flight practical. Therefore equipping fishing vessel observers with cameras could produce a substantial data set of incidental observations.
LOCAL MOVEMENT OUTSIDE OF PLOTS
Problem
In cases like Tern Island, applying capture and recapture effort island wide is reasonable because the population is sufficiently small that the probability a marked bird is detected the next time it nests on the island is high. However, albatross are so numerous on Midway that a whole-island approach to sampling would yield very low recapture probabilities under achievable levels of sampling effort. Therefore, in these situations it is common to set up study plots and monitor only the individuals on those plots over time. To take this approach for an animal that displays no nest site fidelity would be futile for survival estimation. One might mark an animal and then never see it again in subsequent years, simply because when it returned it nested outside the set of plots. If this movement were inherently permanent (i.e., the probability of returning to the plot were '0), this would bias survival estimates low. If this movement were temporary then it would be confounded with skipped breeding. In this case movement might not cause a problem with the estimation of survival, but it would negatively bias estimates of breeding probability.
Fortunately, adult albatross in general are known to exhibit high nest fidelity. Early intensive studies on Midway indicate they will usually nest within 6 m of their previous nest (Rice and Kenyon 1962, Fisher 1971) . Therefore plots should be more reliable in this situation for tracking individuals. Nevertheless there is still some local movement of individuals from year to year, and those nesting within 5-10 m of the edge of a plot will have a substantial probability of nesting outside the plot subsequently.
Solution
A simple partial solution to this problem is to establish a buffer zone around the perimeter of the plot, out to a distance greater than the expected distance between subsequent nest sites (it would be even more effective to extend it to the maximum observed distance between subsequent nests). The idea would be to search the buffer zone each time the plot is sampled, but only to record bands previously applied within the plot and not to add bands. If the buffer zone is sufficiently large, this approach negates the edge effect of local movement outside the plot, permitting marked individuals to be tracked more effectively. If unmarked individuals were captured and marked in this buffer zone, it would simply increase the size of the plot and create a new edge, and therefore the need for an even larger buffer zone. Cilimburg et al. (2002) and Marshall et al. (2004) took similar approaches to ours, to better estimate survival of Yellow Warblers (Dendroica petechia) and Prothonotary Warblers (Prothonotaria citrea), respectively.
For the case of albatross on Midway, the plots established in 2005 were 30 3 30 m, or 900 m 2 in area. We defined the buffer zone to extend 10 m outside the perimeter, encompassing 1600 m 2 , almost tripling the size of the total area to be searched. However, within the buffer zone less time is spent per bird, because investigators are simply reading bands of previously marked birds. In addition to this formal procedure, occasionally looking for bands outside the buffer area makes sense, just to ensure that the buffer area is sufficiently large.
Using a buffer zone as we have described here is a strictly design-based approach to mitigating the problem. There is no alteration to the statistical analysis. Marshall et al. (2004) considered a modeling alternative to the buffer zone to account for permanent movement out of the study area. They assigned a covariate to each newly marked bird based on the distance of initial capture site from the edge of the study area. They then modeled future detection probability as a function of that distance. A similar approach could be taken in our case of temporary movement, if measuring distance to edge of every individual banded is practical, and especially if individuals disperse far enough that an effective buffer zone is impractical to cover.
BAND LOSS
Problem
In studies of marked animals, we assume that the mark remains on the animal for the duration of the study. Once an animal becomes unmarked because a tag is lost, that animal becomes ''dead'' to the study. That is, distinguishing between death and tag loss is impossible from the recapture data. Therefore, situations would arise in albatross colonies where a nester would be captured and banded as a new individual, whereas in reality it is part of a previously banded cohort. A negative bias in survival estimates would result.
Historically, albatross at Tern Island and Midway were marked with a single metal band. Aluminum bands were used initially, but later alloy metal bands and stainless steel bands were employed. The purpose of the switch was to increase the longevity of the mark. Ludwig et al. (1995) conducted studies on band wear at Midway, to anticipate band loss. However, a direct study of band loss rate and adjustment for that loss was not conducted. Biologists also tend to replace bands that look sufficiently worn to fall off in the near future. Although band loss for a steel or alloy band properly applied should be very low, especially if worn bands are replaced periodically, (1) confirming this hypothesis would be valuable and (2) for such long-lived species as albatross, monitoring individuals decades after banding is desirable. This latter point is especially critical for those birds banded just before fledging, which will not be subject to recapture again until they return to breed .5 years later.
Solution
Field methods to account for band loss are relatively simple: double band a substantial subset of birds captured. If a band is put on each leg, sufficient information to estimate band loss rates is contained in the number of these birds captured in the future with both bands or one band (e.g., see Nichols and Hines 1993; Zimmerman et al. 2009 ). For example, suppose 1000 birds are released in year 1 with a metal band on one leg and a field-readable plastic band on the other. Further suppose that in the following year, 850 of those are recaptured with the following composition: 731 with both bands, 81 with just the metal band, and 38 with just the plastic band. Under a model that assumes loss of one band is independent of the other, and conditional on at least one band being retained, the probability a metal band (h m ) or plastic band (h p ) is retained after one year can be estimated from
where the denominator describes the probability that at least one band is retained. A method of moments or maximum likelihood approach yieldsĥ m ¼ 0.95 (SE ¼ 0.008) andĥ p ¼ 0.90 (SE ¼ 0.008). This kind of model can be developed for any number of time periods . If band loss is considered to be a time-dependent process, annual survival estimates (Ŝ app t ) can be adjusted (Ŝ adj t ) after the fact bŷ
In the more likely case where band loss is a function of the age of the band, band retention needs to be integrated into the demographic analysis (e.g., see Conn et al. 2004) . This model assumes loss of each band is independent of loss of the other. The only way to permit the loss of the two bands to be related is to have a third mark that is permanent (e.g., Diefenbach and Alt 1998). If loss for the two bands is positively correlated, then point estimates of loss should be unbiased, while the variances of loss rates should be underestimated. Proper variance inflation could be achieved through a quasilikelihood adjustment such as c-hat (see Burnham and Anderson 2002) .
To monitor and adjust for band loss, a substantial proportion of those banded should receive two bands.
The higher the proportion of animals double banded, the greater the precision in estimates of loss rate and adjusted survival estimates. Currently, at both Tern Island and Midway, each captured albatross now receives both a required metal band (USGS Bird Banding Laboratory) and a plastic leg band with a unique code. In addition to providing a basis for estimating band loss, the plastic band permits an encounter of an individual to be recorded with minimum disturbance to the bird. We discuss this further in the section on the less invasive robust design.
LESS INVASIVE ROBUST DESIGN
Each variation of the robust capture-mark-recapture (CMR) study design (Kendall et al. 1995 , Kendall et al. 1997 , Schwarz and Stobo 1997 , Kendall and Bjorkland 2001 , Bailey et al. 2004 ) is partly defined by .1 sampling period for each primary period of interest, while the state of the system is static. Under this general approach, the data from a given primary period are sufficient to estimate the probability that an animal is captured at least once in that primary period. In addition to increasing precision, for the case where there is an unobservable state this information on capture probability can resolve confounding of parameters across primary periods, or mitigate small-sample bias, permitting the unbiased estimation of survival and transition probabilities.
In some cases, however, where repeated sampling periods within a primary period require multiple physical captures, the study itself could become disruptive, affecting animal behavior or causing undue stress, and therefore incurring productivity or mortality costs. Here we describe a less invasive version of the robust design (LIRD), which includes multiple secondary sampling periods but only requires that an animal be physically captured once per year. Statistically it involves combining a multistate CMR model across primary periods with mark-resight (White 1996 , McClintock et al. 2005 , McClintock 2008 ) models with one resighting period.
The sampling design
For our albatross example we have described that for each year t, just after the egg-laying period, investigators circulate throughout the colony (Tern Island), or throughout chosen plots (Midway), randomly choosing and capturing nesting individuals and banding them. After the first year of the study, some of the birds will have already been banded from previous years. To indicate that an individual was captured in the current year, a temporary mark (one that will last for the duration of the field season but will not persist until the next field season) is applied. Ideally the mark would be easily detected at close range, but would not be obvious at a distance.
Shortly after capture effort is concluded, one or more investigators walk through the study area, randomly choosing active nests. Under the traditional robust design described previously, the investigator would capture the animal, record the band code if banded, and band those without a band. However, under the LIRD the investigator simply notes whether or not the animal has the temporary mark for that year. After the effort is completed (perhaps a fixed number of nests to examine was determined beforehand), the investigator will have tallied the total number of nesting individuals examined (n t2 ) and the number of those individuals that had the temporary mark (m t2 ). Assuming the investigator was not selective in which nests were visited (i.e., was neither drawn to nor avoided marked individuals), the proportion of temporarily marked individuals in the sample should be an unbiased estimate of the proportion of the population physically captured in the first sample: p t1 ¼ m t2 /n t2 . This provides information on capture probability that can be integrated into the multistate capture-recapture model across years. Under the traditional robust design, where individuals are noted in each of the two sampling periods, the effective probability of capture (i.e., the probability an individual is captured in at least one of the two sampling periods) is estimated, whereas with the LIRD capture probability for the first sampling period is estimated. We comment further on this in the following section.
Statistical model
We begin with an Arnason-Schwarz multistate model, as described in the Unobservable states: Solutions: Multistate model section previously. Focusing on the adult stages of albatross, nester (N) and skipped breeder (K), for the sake of generality permitting individuals in state K to be detected, we provide two sample capture histories for a three-year study, conditional on first release at time 1 in state N:
In this case, the notation for detection probability is slightly different, reflecting the different approach to collecting data described in Less invasive robust design:
The sampling design section previously. Here p r t1 is the probability an individual in state r in year t is detected (has its band read). By tallying the number of animals in the second sample with and without that year's temporary mark (the mark-resight approach described in the previous section), p N t1 and p K t1 can be estimated from the data in year t alone. More formally, the Arnason-Schwarz multistate product multinomial likelihood (Brownie et al. 1993 , Schwarz et al. 1993 ) is supplemented by a product of simple binomial models, one for each year: 
LIRD data can be analyzed using program MSSURVIVrd (available online), 7 or program MARK (White and Burnham 1999; available online) 8 As with the traditional robust design, when one of the states is unobservable (e.g., p K t ¼ 0) this ability to estimate capture probability based on data within a given year can permit time-dependent modeling of demographic parameters.
To illustrate the LIRD vs. traditional robust design, consider a primary period t that consists of two sampling periods. Suppose that there are 1000 birds in a given plot. Sample 1 consists of randomly capturing individuals and applying a leg band and a mark on the forehead with nail polish. Assume effort is sufficient to produce a sample size of 850 birds in the first sample (i.e., p t1 ¼ 0.85). Sample 2 will consist of either of two approaches: a recapture period, where birds are randomly captured, the bands of the marked birds are read, and the unmarked birds are banded; or a tallying session, where birds are randomly selected, and the number of foreheads with and without marks are tallied. Suppose that by either approach 450 animals are encountered in the second sample. By either approach an explicit estimator for capture probability p t1 is from the Lincoln-Petersen estimator:p t1 ¼ m t2 /n t2 , where n t2 ¼ 450 is the number encountered in the second sample, and m t2 is the number of those in the second sample that are marked. If sampling in period 2 is truly random, then the proportion of marked birds in the sample should approximate the proportion marked in the plot: E(m t2 ) ¼ 450 3 0.85 ¼ 382.5. The estimator for p t1 in either case should be unbiased at 0.85 (SE ¼ 0.017).
So for the same number of birds examined (captured or tallied) in the second period, the traditional robust design and the LIRD produce statistically equivalent estimates for capture probability p t1 . However, two additional considerations arise. On one hand, the LIRD should clearly be more time-efficient, because simply tallying whether or not individuals are marked should take considerably less time than recording band numbers for some and capturing and banding others. Conversely, tallying individuals in period 2 does not add to the total number of marked animals for that primary period. This implies that fewer marked individuals are tracked across future primary periods, potentially reducing precision in survival or state transition estimates. These competing benefits raise an issue of optimal allocation of sampling effort that is addressed for albatross studies in Converse et al. (2008) . Converse et al. found that due to the higher field efficiency of tallying marked and unmarked birds, the LIRD performed comparably to the traditional robust design when a relatively small proportion of personnel time was devoted to the tally session vs. the initial marking and recapture session.
In the next section, we discuss applying these methods in the field, for the purpose of monitoring albatross populations. In this case, however, we combine the traditional and LIRD approaches and illustrate the resulting increase in precision in estimates of effective capture probability.
Combining traditional and less invasive robust designs
In some cases, recapture of individuals does not produce extra disturbance of individuals, because physical recapture is not necessary. This is true when field-readable individual marks are applied. In the case of albatross on Tern Island and Midway, a plastic leg band is applied along with a metal band. To subsequently read the code on this plastic band from a bird sitting on a nest, feathers simply need to be moved aside. Under these circumstances we can envision field and analytical methods that utilize a recapture/resighting band reading session (encounter period 2), followed by a session of tallying marked and unmarked individuals (encounter period 3).
Using the simple example described in the last section, where 850 individuals are captured in period 1, and 450 individuals are encountered (a mixture of new captures and reading the codes from previous captures) in period 2, consider a third session where 250 individuals in the plot are randomly chosen and marks or the lack thereof are tallied. The effective capture probability for the first two periods (i.e., the probability that an individual is encountered in at least one of the two sessions) would be p* ¼ 1 À (1 À p 1 )(1 À p 2 ). A Lincoln-Petersen analysis of the expected data would yield an unbiased estimate of E(p* RD ) ¼ 0.9175 (SE ¼ 0.0103). From the third session, where marked and unmarked are tallied, the expected proportion of the 250 animals that are marked would represent p*: E(p* RD&LIRD ) ¼ 0.9175 (SE ¼ 0.0089). For this scenario, the standard error is reduced by 14%, a savings realized by a couple of hours of extra work at Tern Island or Midway. To apply this combined approach more formally, we simply replace p N t in equations 1 and 2 with p ÃN t . We describe an application of this combined approach in the field in the next section.
Albatross field trial
For the 2005-2006 breeding season on Midway Atoll and Tern Island, we implemented banding and recapture protocols developed from the guidelines presented here. Although one year of data is not sufficient to implement the cross-year analytical methods we have described, we present results to illustrate the approach that combines a traditional recapture/resighting session with a session tallying marked and unmarked birds.
On Sand Island of Midway Atoll, we implemented both the traditional and less invasive robust designs on four 30 3 30 m plots. These included two plots for Black-footed Albatross (BFAL; plots KA01 and KA02) and two plots for Laysan Albatross (LAAL; plots L5 and L6). For our purposes there were three sampling periods within a season: an initial capture period, a period where nesters were sampled randomly and therefore consisted of new captures and recaptures, and a period where nesters were randomly sampled, but marked and unmarked were simply separately tallied (i.e., no birds were captured and no individual marks were read). The initial capture period was actually composed of two sweeps of each plot, spaced out in time sufficiently so that by the time of the second sweep, the nest mate that was foraging during the first sweep would have a chance to have returned and be subject to capture. Each selected bird received a USGS Bird Banding Laboratory stainless steel leg band on one leg and a red plastic leg band with a unique code engraved in white on the other leg. During sweep 2, we checked each selected bird for a freshly applied set of bands and skipped that bird if these bands were present (i.e., we avoided recaptures). During sweep 3 we selected nesting birds randomly, recorded the band numbers of marked birds, and banded unmarked birds.
For sweep 4, where nesting birds were again randomly selected, our tally of marked and unmarked birds was based on the presence of the red plastic band in lieu of a mark on the head, for the following reason. In an effort to minimize overall stress to nesting albatross, we banded birds without pulling them off the nest. A clipboard or other device was used as a partition to shield a bird's eyes from the banding process. This worked satisfactorily, but because an individual was never in hand, trying to apply a mark to the forehead became more stressful for the bird than the banding process. Because this was the first year red plastic bands were used, we knew any bird with such a band had been captured in the same year and therefore the proportion of tallied birds with a red band should be an unbiased estimate of the proportion of the population in the plots that were captured that year. We comment on the implications of this in the Discussion section.
Details of the dates of the initial capture period (sweeps 1 and 2), the recapture period (sweep 3), and the tally period (sweep 4) are in Tables 1 and 2 . These tables also include the number of birds involved in each sweep and tally. Converse et al. (2008) presented approximate numbers of various types of encounters that were accomplished per person hour of effort, to demonstrate the relative time efficiency of initial captures vs. reading bands vs. tallying marks. BFAL were more aggressive, and therefore took longer to process. Reading bands was 1.6-13.0 times as time efficient as applying bands, and tallying marks was 2-7.7 times as time efficient as reading bands. A recapture session includes a mixture of reading bands and capturing unbanded birds. Therefore, as the proportion of study animals with plastic bands increases over time, the time efficiency of a tally session (LIRD) relative to a recapture session (traditional robust design) would decrease. Estimates of p* for each species, by plot and pooled across plots, based on the traditional robust design (one capture period and one recapture period) and based on combining the traditional and less invasive robust designs (i.e., adding a tally period after the recapture period), are given in Table 3 . Overall capture probabilities under either approach were high, with good precision (CV , 5%). As expected, the combined approach produced more precise estimates of p*, reducing standard error by 5-30% for individual plots and by 8-28% for results pooled across plots. Point estimates were similar for each method. Results for the combined approach indicate that under the LIRD,p* was greater on each plot than under the traditional robust design for BFAL and less on each plot for LAAL. The differences are not consistent, so we attribute the discrepancies to an unknown mixture of factors that could cause bias in either method. We address these factors in the Discussion section.
DISCUSSION
In the spirit of the synergism between capturerecapture study design and statistical modeling, we have presented several suggestions for improving both aspects. Some are subtle and may require relatively little monetary input (e.g., establishing buffer areas around study sites or following capture periods with a tally of marked and unmarked individuals), and some are more substantial (e.g., supplementing conventional tags with satellite radios or data loggers). In each case, the intent is to minimize bias in estimates of demographic parameters, to make parameters more biologically interpretable, or to improve precision.
Bias in estimates of detection probability, and consequently bias in demographic parameters, can occur from a number of sources in applying the robust design. First, for either approach to the robust design (traditional or less-invasive), if the recapture or tally session does not involve a random sample of the population (Tern Island) or plot (Midway), bias could result if marked or unmarked animals are disproportionately sampled. This disproportionate sampling could be due (1) to investigator behavior in the field (e.g., being attracted to marked birds); or (2) for the albatross case, where mates alternate nest attendance, to unfortunate timing of recapture effort (i.e., where the proportion of birds in attendance that are marked is particularly unrepresentative of the entire colony or plot). The best way to mitigate these potential problems is to achieve a mark-neutral search pattern in the field, and to incorporate some randomness in choosing when to conduct capture sessions. Second, if the temporary mark applied to an animal is not retained until the tally session, the estimator for detection probability would tend to be negatively biased under the less invasive robust design (LIRD). On Tern Island we found direct evidence for nail-polish mark loss during the [2005] [2006] season based on recaptures of marked birds. On Midway, because our plastic bands had never been used before, we could forego marks on the head for the 2005-2006 season and tally birds based on the presence of plastic leg bands (i.e., any nester with our plastic band had definitely been captured that year).
Fourth, in some cases nests fail and pairs leave during the study season. If such abandonment occurs between sampling occasions, no bias in parameters would result under the traditional robust design (RD) model we used here (Kendall 1999) , nor under the LIRD model, if marked and unmarked birds fail with the same probability. However, departure during a sampling period (e.g., between sweeps 1 and 2 of capture occasion 1) does cause bias. For illustration, consider a plot with 2000 nesting birds. Capture period 1 consists of two sweeps, separated by a two-week period to permit mates foraging during sweep 1 to return to the colony. During the first sweep, 900 birds are captured and marked, implying that after sweep 1 there are 900 marked and 1100 unmarked birds. Next assume that there is 10% nest failure between sweeps 1 and 2, with equal probability for marked and unmarked birds. Therefore, just before sweep 2 there are 810 marked and 990 unmarked birds. The sample size in sweep 2 is 900 birds, and those captured in sweep 1 are avoided, implying that after sweep 2 there are 1710 marked and 90 unmarked birds still associated with that plot. A subsequent session of tallying marked and unmarked would be expected to produce the following estimate:p 1 ¼ 1710/1800 ¼ 0.95, whereas in reality 1800/2000 ¼ 0.90 of the animals nesting that season were captured in sampling period 1. Therefore nest failure during a sampling period causes bias in estimators for capture probability, which in turn causes bias in estimates of survival and breeding probabilities. Collecting detailed information on nest failure rates, as well as the expected time until the first mate to attend the nest is relieved, would aid in managing the tension between the desire to include both members of a pair in the first capture occasion (first two sweeps combined) and keeping the time between sweeps short to minimize interim nest failures.
We have focused on breeding albatross as an example of colonial nesters, although we have asserted that the ideas presented are more generally applicable. There are advantages and disadvantages in designing and applying banding studies for colonial breeding birds. Because we focused on birds attending nests, which are sessile, our study population was well defined. Even across years, these birds have a reputation for little spatial variance in where they nest, making it feasible to create a buffer area around study plots to detect movements out of the plots. Birds are also fairly easy to capture on the nest and are large enough to hold multiple bands. Finally, the LIRD is a reasonable approach in this case because the sessile nature of the nests makes it easier for observers to avoid bias toward or away from sampling marked animals. One can randomly choose a nest and not look for a mark until the nest is approached. However, the closure assumption is problematic with these birds, because mated pairs alternate attendance at the nest, and nests might fail before both mates are subjected to capture.
Field-readable bands emerged during this study as a useful tool, for multiple reasons. They provide a second band per bird, permitting band loss to be monitored. For marked animals, reading field-readable bands requires less time and causes fewer disturbances. This reduced disturbance partially negates the advantage of the LIRD. Originally conceived, the LIRD was meant to avoid the necessity to capture an animal more than once within a season. However, the LIRD does require capturing them at least once, to read or apply a metal band and to apply the temporary mark that is tallied later. With field-readable bands, in subsequent years even the initial recapture within a season is not necessary, implying almost no disturbance.
The LIRD nevertheless provides an alternative, or supplemental, approach to gathering within-season information on capture probability, thus permitting more flexible modeling in the face of an unobservable state. For our albatross study, supplementing a recapture session with a session for tallying marked and unmarked birds improved the precision inp* by up to 28%. We used just one tally session, but more could be employed, along the lines of other mark-resight methods (White 1996 , McClintock et al. 2005 . Where temporary marks are impractical to apply, the LIRD could still be applied with greater time efficiency than a traditional robust-design session by recording band codes for marked animals and simply tallying unmarked animals in lieu of capture. The difference in time efficiency between the LIRD and traditional robust design would decline over time as the proportion of the population that is marked increases. The availability of alternative or combined designs raises questions about sampling allocation. For example, using the LIRD in lieu of the traditional robust design is more time efficient but results in fewer marked individuals per year. Which one produces more efficient estimates of survival? Converse et al. (2008) used simulations to address these meso-and micro-issue questions for our albatross study, and a similar approach could be used for other studies.
Field-readable bands made the LIRD less necessary for our albatross study, but this design still might be the best way to minimize disturbance for other seabirds or other species. For example, for burrow-nesting birds such as some petrels or shearwaters, captured birds could be marked, but there is no opportunity later to systematically read these marks without physical recapture and more harassment. However, by observing birds returning to their burrows after foraging, or by using a scope inserted into a burrow, there is an opportunity to determine whether or not they have a temporary mark (C. Hunter and C. Barbraud, personal communication) .
We have focused on breeding albatross to illustrate how each of the study-design approaches we are advocating can be used in a given study. However, neither the usefulness nor the challenges of applying these approaches are restricted to colonial nesting birds. For example, all of the ideas presented here could be applied to tagging studies of nesting sea turtles. In many studies, females are captured multiple times within a season, making robust design models useful (e.g., Kendall and Bjorkland 2001) ; multiple tags are applied in most cases, although their attrition rate is usually not estimated (but see Rivalan et al. 2005a) ; telemetry devices are often applied to sea turtles (Godley et al. 2008) , although not usually for the purpose of modeling demography; for populations where only a portion of the beach could be intensively covered, a buffer area for looking for previously tagged animals could be useful. For small mammal studies, a buffer area around a core grid of traps could be established. The robust design has been applied to many other taxa, including small mammals, amphibians, marine mammals, and fish. Because mark-resight (mark animals and then assess ratios of marked to unmarked in the population) methodology has been applied to various taxa, especially mammals one can view from a helicopter (White 1996) , the less invasive robust design should also be applicable to these taxa (McClintock et al. 2005 ).
In conclusion, we have identified a set of common problems in conducting capture-recapture studies: unobservable states, between-year movement out of study plots, disturbance, and tag loss. Biases induced by these factors tend to compound the uncertainty inherent in a decision process (e.g., setting allowable take) related to system state (e.g., population size), or predicted change in system state (e.g., through change in survival probability) that results from a candidate resource management action (e.g., mandatory change in fishing gear). We encourage practitioners to apply the solutions we have outlined: multiple sampling periods per year (robust design), dead recoveries or incidental observations, buffer areas around study areas, telemetry, the less invasive robust design, and double tagging, or similar measures where appropriate. This will tend to produce inferences from these studies that are less biased, more precise, and more easily interpretable.
